A quantum-mechanical model description of a molecular photoswitch is developed. It takes into account ͑i͒ the electronic curve crossing arising from the cis-trans twisting of a double bond, resulting in an ultrafast internal-conversion process of the system and ͑ii͒ the coupling of the initially excited chromophore ͑the ''system''͒ to the remaining degrees of freedom ͑the ''bath''͒, affecting a vibrational cooling of the hot photoproducts. The latter mechanism is responsible for the localization of the molecule in the cis and trans configuration, respectively, thus determining the quantum yield of the photoreaction. Following a discussion of the validity and the numerical implementation of the Redfield formulation employed, detailed numerical studies of the time-dependent dissipative photoisomerization dynamics are presented. While the short-time dynamics (Շ1 ps͒ is dominated by the coherent wave-packet motion of the system, the time evolution at larger times mainly reflects the interaction between system and bath. The quantum yield of the cis-trans forward reaction (Y c→t ) and the trans-cis backward reaction (Y t→c ) is shown to depend on the energy storage of the photoreaction and, in particular, on the form of the system-bath coupling. On the other hand, it is found that Y t→c ϭ1ϪY c→t , that is the population probabilities of the cis and trans configuration at long times do not depend on the initial preparation of the system.
I. INTRODUCTION
Due to its importance in numerous photochemical and photobiological processes, photoinduced cis-trans isomerization in unsaturated hydrocarbons represents one of the beststudied organic photoreactions. [1] [2] [3] A prime example is the 11-cis→all-trans photoisomerization of retinal in rhodopsin, representing the first step in vision. 4 Because of the large quantum yield (Ϸ70%) and the high speed (Ϸ200 fs͒ of this photoreaction, there is an increasing interest to employ cistrans photoisomerization as a mechanism for ultrafast optical switches.
In general, candidates for optical switches are molecules which exhibit a fast, effective, and optical reversible photoreaction with well-defined and stable final states. [5] [6] [7] [8] [9] [10] [11] Figure 1 schematically shows the potential-energy curves of a molecular switch with stable cis and trans ground-state configurations. Following excitation of the system with wavelength c , the system will undergo cis-trans photoisomerization with quantum yield Y c→t . Excitation of the system with wavelength t , on the other hand, switches back the system from the trans to the cis configuration with quantum yield Y t→c . Employing femtosecond laser techniques, 12, 13 molecular photoswitches have been used as a trigger of peptide folding 10 and may be employed in future electronic memory devices. 11 The theoretical description of photochemical reactions in terms of direct ab initio molecular-dynamics simulations has become possible just recently.
14 Employing a level of theory that is appropriate for excited electronic states, however, the calculations are quite tedious and still restricted to relatively small systems and short times. Alternatively, a suitable model of the photoinduced dynamics may be employed in order to gain an understanding of the essential physics involved. [15] [16] [17] [18] [19] A model description of ultrafast cis-trans photoswitching has to take into account several issues. First, it is well established that the twisting of a double bond typically leads to an electronic curve crossing, which causes nonadiabatic relaxation of the system from the electronic excited state back to the ground state. [1] [2] [3] Apart from the reaction coordinate, a minimal model of nonadiabatic photoisomerization therefore has to include the vibronic coupling of the lowest electronic states. 17, 18 Furthermore, an appropriate description of photoswitching needs to account for the subsequent vibrational cooling of the photoproducts, i.e., the vibrational energy redistribution between the initially excited modes and the remaining degrees of freedom. This is because vibrational cooling stops the system from oscillating between the coupled states and is responsible for the localization of the molecule in a specific configuration.
In this work we present numerical studies of ultrafast cis-trans photoswitching by combining a previously proposed model of nonadiabatic photoisomerization 17, 18 with a reduced density-matrix description of the coupling between the isomerizing molecule ͑the ''system''͒ and the remaining degrees of freedom ͑the ''bath''͒. The formulation is based on the Redfield approach, [20] [21] [22] [23] [24] [25] [26] [27] that is, a second-order perturbation theory with respect to the system-bath interaction combined with a Markov approximation for the relaxation operators. Employing various types of system-bath coupling, we mainly address two questions: ͑i͒ How is the isomerization dynamics affected by the coupling to the bath, and ͑ii͒ what kind of coupling leads to a high quantum yield of the forward and backward reaction, respectively? In other words, we wish to gain a microscopic understanding of the criteria which are to be fulfilled by a molecular system in order to be a good optical switch.
II. THEORY

A. Model Hamiltonian
Employing the usual system-bath approach, we have the total Hamiltonian,
where the system Hamiltonian H S represents the isomerizing chromophore including the vibrational modes directly involved in the reaction, the bath Hamiltonian H B comprises the remaining degrees of freedom of the chromophore and the environment, and the coupling between system and bath is described by H SB . Following earlier work, 17, 18 we assume that the photoreaction of the chromophore can be modeled in terms of an electronic two-state system with the ground state ͉ 0 ͘ and the first excited state ͉ 1 ͘. Adopting a diabatic electronic representation, the system Hamiltonian can be written as
͑2͒
Here T denotes the kinetic energy, while V 00 , V 11 and V 01 , V 10 are the diagonal and off-diagonal elements of the diabatic potential energy matrix, respectively. For the purpose of this paper it is sufficient to restrict ourselves to the simplest possible model of nonadiabatic photoisomerization, that is, we assume that the system consists of a single reaction coordinate. Effects on the photoswitching considering a multidimensional dissipative isomerization model will be discussed elsewhere. 28 Expressing the isomerization potentials in terms of cosine functions, the matrix elements of the Hamiltonian are given as 17 
Tϭ
1 2m
where represents the dimensionless isomerization coordinate, m is the associated effective mass, and denotes the interstate coupling. Following Refs. 18, the parameters of the model are chosen to reflect the photoisomerization of retinal in rhodopsin. 29 Figure 1 shows the diabatic potential-energy curves V 00 and V 11 of the photoreaction. It is noted that the corresponding adiabatic potential-energy curves of the model ͑not shown͒ exhibit an avoided crossing around ϭ/2.
As is common practice, the bath is described within the harmonic approximation (បϵ1),
where b ␣ and b ␣ † represent the annihilation and creation operator pertaining to the ␣th vibrational mode, respectively. Furthermore, we assume that the system-bath coupling is of the general form
where the operator Q only depends on the system degrees of freedom ͓see Eq. ͑28͔͒, and
only depends on the bath degrees of freedom. The coupling constants ␣ are chosen according to an Ohmic spectral density
where the strength of the system-bath coupling is characterized by the dimensionless parameter , while the cutoff frequency c defines the time-scale distribution of the bath. If not indicated otherwise, we assume that ϭ0.9 and c ϭ0.035 eV. To warrant efficient energy transfer between system and bath, the latter parameter is chosen to match the average level spacing of the system Hamiltonian.
B. Redfield theory
In reduced density-matrix theory, the dissipative dynamics of the system degrees of freedom is described by the reduced density operator
which is defined as a trace over all bath variables of the full density operator . 21, 22 Assuming that initially there is no correlation between system and bath, (0) factorizes in FIG. 1. Potential-energy curves of the molecular model of photoswitching considered. Following photoexcitation of the system with wavelength c , the system will undergo cis→trans photoisomerization ͑forward reaction͒, while excitation with wavelength t triggers the trans→cis back-reaction. Note that the potentials are inverted, i.e., the upper diabatic potential for ϭ0 ͑cis configuration͒ becomes the lower one for ϭ ͑trans configuration͒.
(0) B (0), with the bath being in thermal equilibrium
The time evolution of (t) is then formally obtained via the Liouville von-Neumann equation for . In order to obtain a closed equation of motion for , the Born approximation is introduced, that is, the system-bath coupling H SB is treated in perturbation theory up to secondorder. This results in a non-Markovian integro-differential equation for .
30 In Redfield theory, moreover, it is assumed that the decay of the bath-correlation function is short compared to the time scales of the system dynamics. This allows us to employ the Markov approximation to the relaxation operators, thus leading to a standard differential equation for . Adopting the system eigenstate representation,
the Redfield equation for the reduced density operator reads as
where i j ϭE i ϪE j and R i jkl denotes the Redfield relaxation tensor, which describes the interaction of the quantum system with the thermal bath. The Redfield tensor can be expressed as
͑16͒
where Q ik ϭ͗i͉Q͉k͘, F(t)ϭe iH B t Fe 
͑18͒ where
Here J() is the Ohmic spectral density defined in Eq. ͑10͒, n()ϭ1/͓exp(␤)Ϫ1͔ is the Bose distribution, P denotes the principle part of the integral, and Ei()ϭ͐ Ϫϱ du e u /u (Ͼ0) is the so-called integral exponential function. It is seen that the real part of the operators ⌫ Ϯ affects the relaxation of the system, while the imaginary part of ⌫ Ϯ results in an energy shift of the eigenvalues of the system. Although being relatively small, this so-called Lamb-shift typically results in noticeable changes of the time-dependent observables and has therefore been included in the calculations reported below.
The Redfield equation ͑13͒ can be considerably simplified if only the secular terms of the Redfield tensor R i jkl are considered, that is, terms satisfying i j Ϫ kl ϭ0. 21, 22 This secular approximation is valid if the condition ͉ i j Ϫ kl ͉ ӷ͉R i jkl ͉ holds for the nonsecular terms. In this case, the nonsecular contributions lead to rapidly oscillating exponential terms which are averaged to zero in the time integration. Assuming a nondegenerate system Hamiltonian, the equations of motion for the diagonal and the off-diagonal elements of decouple in secular approximation. The diagonal elements ͑the ''populations''͒ satisfy the Pauli master equation,
with the population relaxation rates,
The off-diagonal elements ͑the ''coherences''͒ exhibit an exponential decay,
with the dephasing rates
It is instructive to briefly discuss the validity of the approximations introduced above, i.e., the perturbative, Markov, and secular approximation, respectively. A perturbative treatment of the system-bath interaction is justified if
representing the trace over all system and bath degrees of freedom. 21, 22 For the model system and the bath parameters under consideration, the analysis reveals that ͗H S ͘ is typically two orders of magnitudes larger than c ͗H SB 2 ͘.
As explained above, the Markov approximation is justified if the bath correlation time c ͓i.e., the decay time of the bath-correlation function ͗F(t)F͘ B ͔ is short compared to the overall relaxation time of the system dynamics introduced by the bath. Assuming zero temperature, one finds ͗F(t)F͘ B ϰ(1ϩt 2 / c 2 ) Ϫ1 , that is, c ϭ1/ c Ϸ20 fs for the cut-off frequency chosen. Since the bath-induced system dynamics decays on a picosecond timescale ͑see below͒, the Markov approximation should be well justified.
It is well known that the error of the secular approximation increases with the system-bath coupling strength and if many energy levels are involved in the relaxation dynamics. 27, 31 Since there are typically many eigenvalues E l ͑and even much more matrix elements R i jkl ) involved in the dissipative dynamics of a molecular system, in general the validity of the secular approximation has to be checked numerically. As a representative example, Fig. 2 compares the short-time evolution of the molecular system obtained with and without the secular approximation. While the approximation clearly results in deviations of the transient coherent beating, for larger times both calculations are quite similar and coincide in the long-time limit ͑data not shown͒. Thus, being interested in the coherent short-time dynamics of the system ͑Fig. 2͒, the secular approximation should be avoided, while it is safe to use when the long-time dynamics is considered ͑Figs. 3-5͒.
C. Computational considerations
Assuming a system Hamiltonian matrix of dimension N, the numerical effort for a standard time-dependent wavefunction propagation scales with N 2 because of the ''matrix ϫ vector'' multiplication. Using problem-adapted basis functions, though, the Hamiltonian matrix can become extremely sparse and linear scaling may be achieved. For example, in the case of harmonic, Morse, and cosine potential functions, a tridiagonal Hamiltonian matrix can be constructed, 16 i.e., the numerical effort for f degrees of freedom scales with (2 f ϩ1)N. The propagation of the time-dependent reduced density-matrix in principle affords a N 4 scaling because of the multiplication of the density matrix i j with the Redfield tensor R i jkl . Avoiding the direct construction and storage of the Redfield tensor, however, the evaluation of the Redfield equation can be reduced to the multiplication of NϫN matrices, thus yielding a N 3 scaling. 24 Applying the secular approximation, moreover, only the diagonal elements of the reduced density-matrix need to be evaluated numerically, and the propagation of the Redfield equation merely scales with N 2 . The Redfield theory as given above is formulated in the eigenstate basis of the system. The advantages of the eigenstate representation are the following: ͑i͒ It is straightforward to construct and evaluate the relaxation operators of the reduced density-matrix formulation. ͑ii͒ Depending on the initial energy of the system, typically only a small part N red ϽN of the eigenstates need to be considered in the reduced density-matrix propagation. To compute time-dependent observables A(t)ϭTr͕(t)A͖, it is therefore advantageous to calculate the operator A in the eigenstate representation AЈ ϭT Ϫ1 AT. Only the N red ϫN red submatrix of AЈ needs then to be stored for the subsequent propagation. Proceeding this way, the calculation of expectation values scales with N red 2 . However, the diagonalization of the system Hamiltonian may become prohibitive for multi-dimensional systems with N տ10 4 . To avoid this bottleneck, one may employ the diabatic damping approximation ͑neglect of the electronic coupling as far as dissipation is concerned͒, 27 or propagate the relaxation operator in time. 32 Let us give representative examples of the numerical effort involved. For the model under consideration, the system Hamilton has been expanded in two diabatic electronic states and 150 free-rotor states for the isomerization coordinate, thus resulting in Nϭ300. In order to achieve numerical convergence in the case of initial cis and trans excitation ͑see Fig. 1͒ , it was sufficient to take into account the lowest N red ϭ111 and N red ϭ169 eigenstates, respectively. Employing NAG routines for the diagonalization of H S and the integration of the Redfield equation, 33 on a standard PC the first part of the calculation ͑diagonalization and representation of 18 observables͒ takes less than a CPU minute, while the propagation of the 18 observables for one picosecond propagation time requires about 10 CPU seconds if the secular approximation is employed. Considering a multimode system with Nϭ7000 and N red ϭ800, 28 the first part takes in the order of a CPU day, while the 1 ps propagation takes about three CPU minutes. It is noted that the storage-and CPU time-consuming first part has to be done only once, even if the reduced density-matrix is to be evaluated for various bath parameters, coupling schemes, and initial conditions. Furthermore we note that this relatively modest computational requirements are only given if the secular approximation is employed. Without the secular approximation, a 1 ps propagation of a system with N red ϭ111 takes about one CPU day.
III. RESULTS
In what follows we assume that initially the system density operator is given by
͑25͒
where ͉͘ denotes the vibrational ground state of the system Hamiltonian ͑2͒. This initial condition corresponds to an impulsive excitation of the molecule, e.g., by an ultrashort laser pulse ͑see Fig. 1͒ . In all calculations shown we have assumed zero temperature of the bath. Several test calculations for a temperature Tϭ300 K showed that the results change only in details but not qualitatively.
To discuss the nonadiabatic isomerization reaction, we introduce the time-dependent population probabilities, P n trans ͑ t ͒ϭTr S ͕͑t͒P trans P n ͖, 
P
trans ϭ⌰͉͉͑Ϫ/2͒, Ϫ/2рϽ3/2,
denote projection operators on the trans/cis configurations and on the diabatic electronic states ͉ n ͘ (nϭ0,1), respectively. From the definitions it is clear that ͚ n ͓ P n cis (t) ϩ P n trans (t)͔ϭ1.
To obtain a first impression of the effects of the bath on the isomerization dynamics, Fig. 2 compares the short-time evolution of P 1 cis (t) as obtained for the undamped system (ϭ0, dotted line͒ and the dissipative system (ϭ0.9, full line͒. The latter assumes a type I system-bath coupling as defined in Eq. ͑28͒. Starting at P 1 cis (0)ϭ1 due to initial condition ͑26͒, the cis excited-state population probability exhibits a rapid initial decay when the wave-packet reaches the curve crossing. The subsequent beating of the undamped signal reflects coherent wave-packet motion along the coupled isomerization potential-energy curves. In the presence of damping, the quasiperiodic oscillations are seen to decay on a picosecond time scale. Moreover, a phase shift of the damped recurrences can be observed. This finding reflects the fact that in the course of time the motion of the wave packet is confined to the energetically lower parts of the potential-energy curves. Due to the large anharmonicity of the cosine potentials, this relaxation process is reflected in an increased vibrational frequency.
In the remainder of the paper we will be concerned with the relaxation dynamics of the system at long times. In particular we wish to investigate which properties of the model determine the quantum yield Y c→t ϭ P trans (ϱ) of the cis →trans photoreaction. 34 Let us first study the effect of the system-bath coupling H SB ϭQF on the relaxation dynamics of the system. To this end, we consider the following four coupling types:
Similarly to the operators P cis and P trans defined above, the operators 1 2 (1ϩcos ) and 1 2 (1Ϫcos ) affect a projection on the cis and trans configuration, respectively. Therefore, in case I the bath mainly couples to the trans configuration, while in case II the bath mainly couples to the cis configuration. Moreover, the system-bath coupling depends on the electronic projectors P n ϭ͉ n ͗͘ n ͉, e.g., Q I is coupled to the diabatic state ͉ 1 ͘ and Q II is coupled to the diabatic state ͉ 0 ͘. It should be noted, though, that the diabatic potential- FIG. 3 . Time evolution of the population probabilities P 1 cis (t) ͑dotted lines͒, P 0 cis (t) ͑dashed lines͒, and P 1 trans (t) ͑full lines͒ as obtained for the cis →trans photoreaction. Compared are results for various system-bath couplings Q defined in Eq. ͑28͒: ͑a͒ Q I , ͑b͒ Q II , ͑c͒ Q III , and ͑d͒ Q IV . The quantum yield of the photoreaction Y c→t ϭ P 1 trans (ϱ) is seen to crucially depend on the way the bath interacts with the molecular system.
FIG. 4.
Relaxation dynamics of the population probability P 1 trans (t) studied as a function of ͑a͒ the system-bath coupling strength and ͑b͒ the energy storage ⌬E of the photoreaction. Reducing the coupling strength from ϭ0.9 ͑full line͒ to 0.3 ͑dashed line͒, and 0.2 ͑dotted line͒, the time scale of the relaxation process increases, whereas the long-time limit is independent of . Reducing the energy storage from 1.39 eV ͑full line͒ to 0.89 eV ͑dashed line͒, and 0.39 eV ͑dotted line͒, the quantum yield increases moderately.
FIG. 5. Relaxation dynamics of the trans→cis back-reaction as monitored
by the population probabilities P 0 trans (t) ͑thin full lines͒, P 1 trans (t) ͑thick full lines͒, P 1 cis (t) ͑dotted lines͒, and P 0 cis (t) ͑dashed lines͒. Shown are results for the system-bath couplings ͑a͒ Q I , ͑b͒ Q II , ͑c͒ Q III , and ͑d͒ Q IV , respectively. The comparison with the results for the cis→trans reaction reveals that the long-time limits of the populations are virtually independent of its initial preparation. energy curves are inverted for the isomerization problem, i.e., the upper diabatic potential in the cis configuration becomes the lower one in the trans configuration ͑see Fig. 1͒ . Adopting an adiabatic picture, therefore both Q I and Q II couple to the adiabatic ground state. Figure 3 shows the time evolution of the population probabilities P 1 cis (t), P 0 cis (t), and P 1 trans (t) as obtained from a 20 ps Redfield simulation of the system. Generally spoken, the initially prepared population P 1 cis is seen to decay into the populations P 0 cis and P 1 trans . Due to energetic reasons, P 0 trans is hardly populated during that process ͑data not shown͒.
Comparing the long-time limits of P 1 trans (t) obtained for the couplings ͑a͒ Q I and ͑b͒ Q II , it is obvious that the quantum yield indeed crucially depends on the specific form of the interaction between system and bath. If the bath predominantly couples to the trans configuration ͑case I͒, the system is trapped there, thus leading to a quite high quantum yield of 90%. In case II, on the other hand, the bath mainly couples to the cis configuration. Hence the system localizes almost completely in this configuration, and one obtains a rather poor yield of Y c→t Ϸ1%. As may be expected, the intermediate cases ͑c͒ Q III and ͑d͒ Q IV lie in between the limiting cases I and II. It is seen from Eq. ͑28͒ that these couplings are similar to the cases I and II, although they interact with both electronic states. Containing two terms ͑instead of one͒, the overall relaxation of the system in cases III and IV is somewhat faster.
Apart from the specific form of H SB , the relaxation dynamics also depends on the overall strength of the systembath coupling. To discriminate the latter effect from the former, in the following a ''neutral'' form of the system-bath coupling has been adopted, Q 0 ϭQ I ϩQ II , in which the bath couples to both the cis and the trans configuration. Choosing ϭ0.2 ͑dotted line͒, 0.3 ͑dashed line͒, and 0.9 ͑full line͒, Fig. 4͑a͒ shows the relaxation dynamics of the population probability P 1 trans (t). As may be expected, the coupling strength directly affects the time scale of the relaxation process, i.e., the relaxation roughly takes double time for half of the coupling strength. On the other hand, the long-time limits of the populations and thus the quantum yield is found to be independent of . This is because for the simple model employed and within perturbation theory there are no competing processes to the vibrational relaxation causing localization.
Next we wish to investigate to what extend the quantum yield depends on system Hamiltonian ͑2͒ itself. To this end, we have studied the relaxation dynamics as a function of the energy storage of the photoreaction ⌬EϭV 11 ()ϪV 00 (0), while keeping the vertical excitation energies of the cis and trans configurations constant. 35 Again, the neutral systembath coupling Q 0 ϭQ I ϩQ II is adopted. Qualitatively spoken, one would expect equal long-time cis/trans populations in the case of zero energy storage ⌬Eϭ0. On the other hand, the quantum yield must approach zero in the limit ⌬E →E 1 , i.e., when the trans minimum becomes infinitely shallow. Similarly, quantum yields between 0.5 and 1 are expected for a negative ⌬E, as is the case for the trans →cis back-reaction discussed below. Figure 4͑b͒ confirms these qualitative considerations by showing the population probability P 1 trans (t) for ⌬Eϭ0.39, 0.89, and 1.39 eV. Interestingly, the quantum yield is close to Ϸ0.4 for a large range of ⌬E. It is noted that this result does not hold for the true thermal equilibrium of the system, 34 which depends directly on ⌬E via a Boltzmann factor.
So far we have focused on the cis→trans forward reaction of the photoswitch. Let us finally study how the relaxation dynamics depends on the initial conditions and consider the trans→cis back-reaction of the model. Here the system is initially assumed to be in the vibrational ground state of the trans configuration, before it is photoexcited by an ultrashort laser pulse of wavelength t ͑see Fig. 1͒ . Figure  5 shows the resulting time evolution of the trans→cis photoreaction. Due to the decay of the initially prepared population P 0 trans (t) the three other populations probabilities P 1 cis (t), P 0 cis (t), and P 1 trans (t) rise on a time scale of 10 ps. Subsequently the population P 1 cis is seen to decay into the populations P 0 cis and P 1 trans . It is noted that the overall time scale of relaxation is significantly longer than in the case of the cis→trans reaction shown in Fig. 3 . This is because the total energy of the system following trans excitation is more than 1 eV higher than in the case of cis excitation, thus resulting in a longer time to dissipate the energy.
Similarly as done in Fig. 3 for the cis→trans reaction, Fig. 5 compares the back-reaction dynamics for system-bath couplings Q I ϪQ IV . Again the system is seen to localize in the configuration which couples strongly to the bath. Comparing Figs. 3 and 5, it is found that the long-time limits of the populations are virtually independent of its initial preparation. In other words, regardless whether the cis or the trans configuration is excited, the same values for P cis (ϱ) and P trans (ϱ) are obtained. Although the initial time evolution is quite different, in both cases the rapid dephasing of coherences results in a complete loss of the memory of the initial preparation. Hence if the quantum yield of the forward reaction is Y c→t , the quantum yield of the back-reaction is Y t→c ϭ1ϪY c→t .
IV. CONCLUSIONS
We have outlined a simple model description of a molecular photoswitch by combining a one-dimensional model of nonadiabatic cis-trans photoisomerization with a Redfield description of the coupling between the isomerizing molecule and the remaining degrees of freedom. The validity of the approximations underlying the Redfield approach have been discussed and an efficient numerical implementation of the theory has been suggested. Employing this model, we have performed detailed numerical studies of the dissipative isomerization dynamics following photoexcitation. On a subpicosecond timescale, the time evolution of the model is dominated by the system, i.e., the electronic and vibrational dynamics of the system is only weakly damped due to the coupling to the bath. For longer times, on the other hand, the system localizes in the cis and trans configuration of the adiabatic electronic ground state. This process is largely determined by the specific interaction between the system and the bath.
To investigate the efficiency of the photoswitch, the cri-teria that determine the quantum yield of the forward reaction (Y c→t ) and backward reaction (Y t→c ) have been discussed in some detail. In general, the reaction quantum yield may depend on ͑i͒ the system, ͑ii͒ the bath, ͑iii͒ the systembath interaction, as well as ͑iv͒ on the initial conditions employed. ͑i͒ For the simple system Hamiltonian under consideration, it was found that the quantum yield mainly depends on the energy storage ⌬E of the photoreaction. Assuming a neutral system-bath coupling, we obtain equal long-time cis/ trans populations in the case of zero energy storage, i.e., Y t→c ϭY c→t ϭ0.5. For ⌬EϾ0, the quantum yield becomes smaller than 0.5; for negative ⌬E it becomes larger. ͑ii͒ The properties of the bath, i.e., the frequency distribution ( C ) and the overall coupling strength (), determine the time scale of the relaxation, but hardly affect the quantum yield. ͑iii͒ As shown in Figs. 3 and 5, the quantum yield is mainly determined by the form of the system-bath interaction, i.e., the system localizes in the cis or trans configuration to the extent that the specific configuration couples to the bath. ͑iv͒ Finally, it has been shown that the long-time limits of the populations are virtually independent of the initial preparation. This is because the memory of the initial preparation is quickly lost due to the rapid dephasing of coherences. The model considered in this work is useful to gain a qualitative picture, however, it is certainly too simple to microscopically describe photoswitching of a realistic polyatomic system. In a next step, the multidimensional nature of the nonadiabatic photoisomerization process needs to be taken into account. First studies employing a twodimensional photoisomerization model have shown that the photochemical funnel associated with a conical intersection of potential-energy surfaces may represent a highly effective intramolecular trapping mechanism of the hot photoproduct.
